One sentence summary: Severe weather events influence shedding of Escherichia coli, particularly serogroup O157, by cattle, but resulting colonies of E. coli O157 would generally be sensitive to microbial interventions at abattoirs. Editor: Liping Zhao ABSTRACT High-event periods (HEPs) occur sporadically when beef carcasses and meat have episodes of acute contamination with Shiga toxin-producing Escherichia coli (STEC). In this study, severe weather events were investigated as catalysts for HEPs based on PCR and isolate prevalence of seven E. coli serogroups in slaughter cattle feces. Winter ambient temperatures with daily means 10.5 o C warmer or 12.3 • C colder than seasonal norms (-10.4 • C) most altered STEC shedding. Fecal samples yielded increased proportions (P < 0.05) of O26 and O157 isolates during winter warm periods, and reduced (P < 0.05) O45 isolates during cold periods compared to samplings during seasonal norms. Based on changing PCR prevalence and isolates collected, O157 was the serogroup most responsive to severe weather events. Consequently, O157 isolates (n = 219) were evaluated for heat resistance, biofilm-forming potential and virulence gene subtypes. Two isolates had heat-resistant phenotypes with thermal death time at 60
INTRODUCTION
Beef-processing plants have instituted a number of microbial interventions such as steam pasteurization and organic acid washes which greatly reduce concentrations of Shiga toxinproducing Escherichia coli (STEC) on carcasses (Barkocy-Gallagher et al. 2003) . Despite these interventions, testing of beef products reveals infrequent episodes of acute contamination termed 'high-event periods' (HEPs; Arthur, Bono and Kalchayanand 2014) and sporadic outbreaks of human disease due to STEC contamination of beef also occur (Ethelberg et al. 2009 ). Definitions for HEPs differ by country, and in Canada, are triggered if beef samples are positive for serotypes O157:H7/NM (CFIA 2015) . In the USA, HEPs can be triggered by trim samples positive for E. coli O26, O45, O103, O111, O121, O145, O157 and/or virulence markers eae (intimin) and stx (Shiga toxin; USDA 2014).
Determining factors contributing to HEPs is difficult as issues leading to the contamination may be resolved before the contamination is noted (Arthur, Bono and Kalchayanand 2014) . Excluding failures of in-plant hygiene, pre-harvest factors contributing to HEPs would include pathogens on hides exceeding the capacity of microbial interventions, or the presence of STEC strains that are less sensitive to interventions (Wang et al. 2014) . The sporadic nature of HEPs may indicate an infrequent triggering event, perhaps leading to increased contamination of hides with STEC, and resulting in a STEC colony surviving within the abattoir due to a combination of factors likely including increased heat resistance (Mercer et al. 2015) , biofilm-forming ability (Wang et al. 2014 ) and sanitizer tolerance (Wang et al. 2016a) .
A number of stressors such as weaning and transport (Hallewell et al. 2016) , fasting or diet change (Callaway et al. 2013) , fluctuations in ambient temperature (Stanford, Gibb and McAllister 2013) and heat stress (Venegas-Vargas et al. 2016 ) have been associated with increased shedding of STEC by cattle. However, increased shedding of STEC as a result of these factors has not always been consistent as Brown-Brandl et al. (2009) found no change in the shedding of E. coli O157:H7 or generic E. coli as a result of heat stress or handling. Less is known of impacts of environmental stressors on the shedding of non-O157 E. coli, although seasonal peaks in the shedding of non-O157 serogroups in feedlot cattle differ from that of O157 . In Canada, HEPs due to O157 are most prevalent from April to September (CFIA 2015) . Human infections with O157 in the UK have demonstrated a similar seasonal peak (Money et al. 2010) . In contrast, human infections with O26 in Ireland peak 2 months prior to those due to O157 (Garvey et al. 2016) .
To better understand influences of environmental stressors on shedding of seven serogroups of E. coli by slaughter cattle, this study investigated the impacts of severe weather and an event which necessitated additional handling, transport and emergency housing of slaughter cattle delivered to lairage. Isolates of E. coli O157 collected were then evaluated for biofilm-forming capability, presence of locus of heat resistance, heat-resistance phenotype and subtype of eae and stx virulence genes in order to predict their sensitivity to microbial interventions and potential to cause human disease.
MATERIALS AND METHODS

Identification of events potentially stressing cattle
Over a 2-year period, fecal samples were collected from the floors of transport trailers after delivery of cattle to one of two federally inspected slaughter facilities in Alberta, Canada . A maximum of 46 transport trailers were sampled on each day, with collections occurring twice monthly (once for each slaughter plant). Origin of cattle within the province of Alberta was grouped into three climatic zones: Zone 1, fescue grassland; Zone 2, mixed grassland; and Zone 3, aspen parkland. The province of Saskatchewan was considered Zone 4. From each zone, a centrally located city or town was chosen with historical weather data available for at least 20 years (Environment Canada 2017). For each centrally located site (Lethbridge, AB; Brooks, AB; Lacombe, AB; and Saskatoon, SK), weather data for 3 days prior to and the day of fecal sampling were compiled and compared to seasonal norms. To be classified as a weather event, three of four zones had to experience the event.
During winter (December, January, February and March), two types of weather events were noted: extreme heat and extreme cold. For these events, ambient temperature equaled historical high or low temperatures recorded for that date (Table 1) . During the month of June, a high-rainfall event occurred across western Canada. During summer (July, August), sampling days with ambient temperature >28.9
• C were classed as extreme heat events (summer extreme heat) based on increased Escherichia coli O157:H7 shedding noted at these temperatures by VenegasVargas et al. (2016) . During September, an early-season blizzard combined a sudden drop in ambient temperature with snowfall (early snow event). Also in September, mechanical problems at a one of the abattoirs necessitated a multiday shutdown in which cattle delivered to lairage were re-loaded and transported to feedlots near the abattoir for several days (abattoir closure event). Fecal sample collection at the abattoir coincided with the 
DNA extraction from feces
Approximately 400 g of feces were collected from each transport trailer (five sterilized scoops from three trailer compartments). After transport to the laboratory, a 15 g subsample of feces was mixed with 135 mL EC broth and a 10 mL suspension was incubated for 6 h at 37
• C. A 1 mL aliquot of the enriched culture was then centrifuged at 8000 × g for 10 min before extraction of DNA from the pellet using a NucleoSpin Tissue Kit (MacheryNagel, Islington, ON). Remaining enrichments were stored at 4
• C for 18-24 h until used for immunomagnetic separation (IMS).
Multiplex PCR and IMS of Escherichia coli serogroups
The seven target E. coli serogroups were detected using a multiplex PCR (Conrad et al. 2014 Enrichments positive for any of the serogroups were further analyzed by IMS specific for that serogroup using RapidChek Confirm STEC Kits (Romer Labs Technology Inc., Union, MO) according to the manufacturer's recommendations. Aliquots of bacteria-bead complex (50 μL) were streak-plated with a cotton swab on MacConkey agar (MAC) and incubated at 37
• C for 18-24 h. Three colonies per plate were selected and approximately half of each colony suspended in 40 μL 1 x TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). The suspension was heated to 95
• C for 5 min and 2 μL was used as DNA template for serogroup confirmation by PCR using conditions described above. The remainder of all colonies confirmed positive for the target serogroup by PCR were then removed from the plate, subcultured at 37 • C overnight in tryptic soy broth and stored in glycerol at -80
Biofilm-forming potential of O157 isolates
Escherichia coli O157 isolates (n = 198) were recovered from frozen glycerol stocks by overnight growth on tryptic soy agar plates incubated at 35˚C. Single colonies were selected, inoculated into liquid Luria Broth base Miller-low salt (LB-LS) medium, and cultured overnight (16 h) at 35˚C in a shaking incubator. Two replicates were cultured per isolate. Bacterial growth in overnight cultures was determined by measuring optical density (OD) at 595 nm, before diluting cultures 1:100 in sterile LB-LS and dispensing 200 μL per well into sterile flat bottom polystyrene tissue culture 96-well plates with lids as described by Stepanovic et al. (2000) . Each plate contained nine replicate wells per selected bacterial colony (18 wells per isolate) and was incubated at 22˚C for 72 h. Included in each plate were known positive (E. coli O103:H2) and negative (E. coli O145:NM) biofilm-adherent strains as controls and wells containing only LB-LS media as blanks. Plates were then washed twice with sterile 1M phosphate-buffered saline (PBS) pH 7.2, air-dried, stained with 1% crystal violet solution (100 μL per well) for 20 min, washed two more times with PBS and air-dried. Crystal violet was solubilized in 100 μL 85% ethanol prior to measurement of OD at 595 nm using a microplate reader (Filtermax F5, Molecular devices, Sunnyvale, CA).
Presence of locus of heat resistance
Extracted DNA from each of the 219 isolates of serogroup O157 was screened for heat resistance determinants with primers targeting three separate regions (size 1.8-2.8 kb) in the locus of heat resistance (Ma and Chui 2017) . DNA (1.5 μL) was added to 1 x TaqMan Fast Universal PCR mastermix (Applied Biosystems, Burlington, ON), 5 μmol/L primers and PCR-grade water for a final volume of 20 μL. Assays were performed on Applied Biosystems 7500 Fast Real-Time PCR system with amplification at 95
• C for 20 s, 40 cycles of 95 • C for 3 s and 60
• C for 30 s. Amplification of all three targets was required before the sample was considered positive for the locus of heat resistance.
Heat-resistance phenotype
Based on results of PCR assays for the locus of heat resistance, 17 positive isolates and 14 equivalent isolates lacking heatresistance genes (collected concurrently, similar virulence gene profile) were evaluated for thermal death time at 60
• C (D 60 ). Isolates were recovered from glycerol stocks and grown overnight in LB broth at 37
• C with agitation at 200 rpm. From overnight cultures, 1 mL was immediately plated in duplicate on LB agar and incubated for 18 h at 37
• C prior to enumeration. Additional 1 mL aliquots in 1.5 mL Eppendorf tubes were incubated at 60
an Eppendorf Thermo Shaker for 1, 5, 10 or 30 min prior to plating in duplicate and incubation at 37
• C for 18-22 h (Dlusskaya,
McMullen and Ganzle 2011).
Subtyping of virulence genes
Toxin gene subtyping was performed using a combination of PCR and pyrosequencing (Tostes et al. 2017) . Briefly, 2-μL DNA template extracted as previously described was added to 23 μL PCR mix containing 1x PyroMark Master Mix (Qiagen) and paired primers with biotinylated 5 -ends (Goji et al. 2015) . Thermocycling conditions were 95
• C for 15 min, 45 cycles of 94, 56 and
72
• C for 30 s each, and final 5 min extension at 72
• C. PCR amplicons of virulence genes were then further characterized by pyrosequencing for subtype determination. Pyrosequencing was performed using the PyroMark Q24 system (Qiagen) according to the manufacturer's instructions using sequencing primers for stx1, stx2, eae and rfbE subtyping (Goji et al. 2015) . Briefly, 7 μL of PCR amplicons stx1/stx2 or 10 μL of eae/rfbE were mixed with 2 μL streptavidin-coated sepharose beads (GE Healthcare, Piscataway, NJ), 40 μL binding buffer (Qiagen) and water in 80 μL reaction mixture. After denaturing, PCR amplicon/sepharose conjugates were washed, eliminating nonbiotin-labeled DNA. For eae subtyping, λ-eae and γ 1-eae were grouped together (λ/γ 1-eae) due to sequence similarity. Flagellar H7 and non-motile (NM) variants of O157 were determined using pyrosequencing, based on a single nucleotide polymorphism in the rfbE gene common to all O157:H7/NM, but absent in non-H7/NM O157 serotypes (Goji et al. 2015) .
Statistical analyses
Fecal PCR prevalence of the seven E. coli serogroups and proportion of fecal samples yielding isolates were compared among samplings occurring during weather events or the abattoir closure and matched samplings which occurred during the same season, but under conditions typical for that season (Table 1) . Seasonal prevalence of serogroups detected by PCR and isolated by IMS were compared by generalized linear mixed models (Proc Glimmix, SAS 9.3, SAS Institute Inc., Cary, NC) using a binomial distribution. Model adjusted means (back-transformed to original scale) and 95% confidence intervals were reported, with transport trailer the experimental unit, and weather or plant closure event a fixed effect with P values < 0.05 deemed significant.
For biofilm-forming potential, the average and standard deviation (SD) of OD for each eight well-replicate were calculated. Biofilm-forming potential was then evaluated with reference to a plate cut-off OD (ODc) which was 3 SD above the average OD of the blank (Stepanovic et al. 2000) . Hence, isolates were classified as OD ≤ ODc (no biofilm-forming potential), ODc < OD ≤ 2xODc (weak biofilm-forming potential), 2xODc < OD ≤ 4xODc (moderate biofilm-forming potential) and OD > 4xODc (strong biofilmforming potential; Stepanovic et al. 2000) . The relationship between biofilm-forming potential of O157 isolates and toxin gene subtyping as determined by pyrosequencing was then compared in Glimmix as described above, but with biofilm-forming potential as a fixed effect and sampling date as a random effect.
Heat resistance of O157 isolates was determined using linear regression after log transformation of colony numbers present before and after exposure to 60
• C. The negative reciprocal of the slope of log counts to heating time (D 60 ) was then determined. Strains with D 60 > 10 min were classed as heat resistant (Mercer et al. 2015) , while those with D 60 < 10 min were classed as heat susceptible. Pyrosequencing data were analyzed using the PyroMarkQ24 software (v2.0; Qiagen). FASTA sequences were imported from PyroMarkQ24 to Geneious (v8.1; Biomatters) and then aligned to reference sequences used to classify each gene subtype (Goji et al. 2015) .
RESULTS
Effects of sampling during weather events and abattoir closure
During exposure to winter temperature 12.3
• C colder than seasonal norms, PCR prevalence of serogroups O45, O121 and O157 in feces was lower (P < 0.05) compared to samplings where ambient temperatures were at seasonal averages (-10.4 • C; Fig. 1A ).
For O157, PCR prevalence was also higher (P < 0.05) during winter samplings with average ambient temperatures 10.5
• C warmer than seasonal norms. In contrast to O45, O121 and O157, PCR prevalence of O111 declined (P < 0.05) during extremely warm winter samplings as compared to those within typical temperature ranges. For the majority of serogroups, winter temperatures changing from seasonal norms did not affect collection of isolates, although for both O26 and O157, feces collected during extremely warm samplings yielded a higher proportion of isolates (P < 0.05) than did those from other samplings (Fig. 1B) . Collection of serogroup O45 isolates during winter was similar between samplings where ambient temperatures were extremely warm or seasonal, with a lower proportion of isolates (P < 0.05) collected during samplings when it was extremely cold. Neither early snow nor abattoir closure was related to PCR prevalence of the seven Escherichia coli serogroups with the exception of O111 which was highest (P < 0.05) during the sampling coinciding with the early snow event compared to other September samplings ( Fig. 2A) . However, proportions of isolates collected for all serogroups were similar during the early snow event and other September samplings. For both O121 and O157 serogroups, proportions of feces yielding isolates increased during the abattoir closure sampling (P < 0.05) with the increase especially marked for O157 (Fig. 2B ).
During July and August samplings when ambient temperatures exceeded 28.9
• C, increased PCR prevalence (P < 0.05) of O157 was noted compared to samplings at lower ambient temperatures during these months (Fig. 3A) . In contrast to O157, O26 had reduced PCR prevalence (P < 0.05) during extreme heat events in July and August. Regardless of impacts of extreme summer heat events on PCR prevalence of O26 and O157, proportions of fecal samples yielding isolates of any serogroup were not affected by extreme summer heat events (Fig. 3B) .
Compared to typical samplings in June, increased PCR prevalence of both O103 and O157 (P < 0.05) was noted during a highrainfall event (Fig. 4A) , although proportions of fecal samples yielding isolates for all serogroups did not change during high rainfall (Fig. 4B) .
Biofilm-forming potential of O157 isolates
Of the 198 O157 isolates evaluated, 31.8% had strong biofilmforming potential (Table 2 ). However, pyrosequencing analyses of toxin gene subtypes revealed that isolates with strong biofilmforming potential were less likely to be positive for stx1A or eae as compared to other isolates (P < 0.05; Table 3 ). Although the presence of stx2a did not vary with biofilm-forming potential, a lower proportion (P < 0.05) of strong biofilm formers carried stx2c compared to isolates lacking biofilm-forming potential. Similarly, as biofilm-forming potential increased, the proportion of isolates belonging to H7/NM serotypes tended to decrease, differing significantly between strong biofilm formers and those lacking biofilm-forming potential.
Heat-resistant genotype and phenotype of O157 isolates
Of the 219 O157 isolates, 18 were positive for the locus of heat resistance and 17 of these were selected for phenotypic evaluation of heat resistance along with 14 isolates which lacked the locus of heat resistance. Of these, only two isolates were found to express the heat-resistance phenotype (D 60 > 10 min), with both of these isolates also positive for the locus of heat resistance (Table 2). The remaining isolates evaluated for heat-resistance phenotype were classed as heat susceptible (D 60 < 10 min; n = 29).
Combinations of characteristics of O157 isolates
Of the two isolates which had a heat-resistant phenotype, one isolate also had high biofilm-forming potential (Fig. 5) . However, pyrosequencing analysis determined that this isolate lacked stx genes (no stx2A, stx2C or stx1A) and also lacked eae. The heat-resistant/high biofilm-forming isolate did not belong to the H7/NM serotype (data not shown). Although no isolates possessed the combination of virulence genes, heat-resistant phenotype and high biofilm-forming potential, a total of seven isolates with high biofilm-forming potential were positive for eae λ/Y1 and at least one stx gene subtype.
DISCUSSION
Events promoting increased shedding of Escherichia coli serogroups
Animal stress has been proposed to increase shedding of STEC in feces (Matthews et al. 2006; Cho et al. 2013; Hallewell et al. 2016) , although stress is difficult to assess and measure in livestock (Callaway et al. 2013 ). Reduced shedding of (A) (B) Figure 1 . Impact of extreme heat (n = 2) or extreme cold (n = 2) events during winter (January-March) compared to average winter temperatures (n = 5) for feces PCR positive (A) and % fecal samples yielding bacterial isolates (B). a,b,c Means within serogroups with different superscripts differ (P < 0.05).
STEC has been observed after attempts to stress cattle (Munns et al. 2015) or shedding has remained unchanged compared to controls (Brown-Brandl et al. 2009 ). Furthermore, the shedding of STEC is sporadic (Matthews et al. 2006; Chase-Topping et al. 2008 ), making it difficult to relate shedding levels to either host or environmental conditions. Uncertainties as to effectiveness of the stressor and the appropriate time interval between the applied stress and measurement of STEC have likely contributed to the inconclusive nature of results. In this study, an alternative approach was taken where multiple extreme weather events and a potentially stressful abattoir closure were identified which affected large populations of cattle previously shipped to slaughter and fecal sampled to monitor STEC. As cattle sampled in the current study were from multiple feedlots, it is unlikely that factors affecting a single feedlot (such as a change in diet) would have significantly influenced STEC populations, although for events such as the abattoir closure, it was not possible to separate effects of change in diet from the impact of additional animal handling and transport. Weather events were defined simply by temperature and/or precipitation as historical data were not available for other weather variables known to increase stress to feedlot cattle such as wind chill (Euken 2016) or thought to act as stressors affecting STEC shedding such as relative humidity in combination with elevated temperatures (Brown-Brandl et al. 2009 ).
Weather events were required to be of 4 days duration in order to increase the likelihood of cattle experiencing stress, as over longer periods (after 4 days) cattle start to acclimatize to either heat or cold stress (Hahn 1999) . Daily circadian rhythms have been shown to mask impacts of ambient temperature on core body temperature of feedlot cattle (Lefcourt and Adams 1998), potentially minimizing impacts of short-term ambient temperature changes (<1 day duration). Additionally, under field conditions, cattle have shown the ability to adapt to multiple environmental stressors which were capable of provoking stress responses under laboratory conditions (Scharff et al. 2012) . Consequently, the optimal time interval between initiation of the weather event and measurement of STEC shedding by cattle was not known. In previous studies evaluating impacts of weather on STEC, total rainfall on the day of sampling and up to 3 days in advance of sampling was a significant predictor of contamination of surface waters with O157:H7 (Jokinen et al. 2012) . A greater rainfall, less sunshine and lower mean ambient temperature have been suggested as an underlying cause of increased human infections with E. coli O157:H7 in Scotland as compared to England and Wales (Money et al. 2010) . However, weather variables (cumulative rainfall, cumulative precipitation, maximum temperature, mean temperature) compiled by month did not show any relationship to human infections with O157 in Canada (Bifolchi et al. 2014) .
Comparing impacts of weather events and the abattoir closure, two events-early snow and heavy rainfall-did not influence proportions of fecal samples yielding isolates of any serogroup assessed. Possibly, as the rainfall event was accompanied by seasonal temperatures and as the average temperature decline during the snowfall event was <2
• C (Table 1) , these events may have not stressed cattle. Also, the early snow, heavy rainfall and the abattoir closure were based on a single occurrence. Repeated instances of these events would be required to confirm impacts, although decades of sampling might be required for these rare events to occur on multiple occasions. Similar to early snow and heavy rainfall, summer temperatures >28.9 o C did not influence proportion of isolates collected across serogroups, although PCR prevalence of O26 declined and that of O157 increased during samplings that occurred during these periods, possibly as ambient temperature exceeded the upper critical threshold for feeder cattle (Hahn 1999) . Similarly, Venegas-Vargas et al. (2016) found that dairy and beef cattle in USA were more likely to shed O157 when ambient temperatures for 1 to 5 days prior to sampling were >28.9
• C. Increased prevalence and concentrations of O157 in feces have occurred during warm summer months (Stephens, McAllister and Stanford 2009; Ferens and Hovde 2011) , likely due to increased bacterial survival and proliferation in the environment (Gautam et al. 2011) . It was interesting that O157 was the only serogroup to increase in PCR prevalence during summer heat events, but that heightened prevalence did not result in an increased likelihood of isolation of O157. The events which most affected shedding of STEC were winter extremes (heat and cold) and the abattoir closure. Winter heat events promoted increased PCR prevalence of O121 and O157 and increased the likelihood of collecting isolates of both O26 and O157. Compared to mean daily winter temperatures of −10.5
• C, ambient temperatures of >5 • C would be experienced during winter heat events and may have promoted isolation of viable colonies of O157 in feces (Wang, Zhao and Doyle 1996) . Consequently, winter heat events likely increased survival of both O26 and O157 in feces samples which were collected from the floors of transport trailers. For serogroups other than O26 and O157, lack of effects of winter heat events on collection of isolates could possibly reflect increased cold tolerance compared to O26 and O157. Although ambient temperature would have directly impacted collection of viable isolates, ambient temperature would have minimally influenced PCR prevalence of serogroups in fecal samples as body temperature of cattle fluctuates only minimally with ambient temperature changes (Hahn 1999) . Consequently, factors other than bacterial survival in fecal pats would have influenced PCR prevalence. Bacterial species in the gastrointestinal tract (GIT) including E. coli O157:H7 are known to be particularly responsive to host stress hormones such as noradrenaline and dopamine (Freestone, Haigh and Lyte 2007) . Intestinal microflora including E. coli O157:H7 have been shown to sense host hormone and hormone-like signals which alert them if the environment is hospitable and suitable for colonization (Nguyen and Sperandio 2013) . Host-bacterial signaling may have directed serogroups O121 and O157 to become more prevalent in feces during winter heat events when their survival in the environment would have been more likely and conversely become less prevalent in extreme cold events when feces would have frozen shortly after defecation. Freezing is known to damage bacterial cells, and a resuscitation step has been used to improve recovery of freeze-injured and stressed O157 cells prior to IMS (Ternent et al. 2004 ). An inverse relationship between stress hormone production and immune function has been reported (Reiche, Nune and Morimoto 2004) . Cattle which were supershedders of E. coli O157:H7 (≥10 4 CFU/g feces; Matthews et al. 2006) had rectal tissue downregulated for 31 genes, leading to reduced innate and adaptive immune function and possibly facilitating colonization of the GIT with high concentrations of O157:H7 (Wang et al. 2016b) . Consequently, some microbiota of the bovine GIT, such as O157, might increase in predominance during times of host stress, although in this study it was not possible to directly measure stress on the commercial cattle delivered to the abattoirs.
O157 was the serogroup most responsive to weather events
With the exception of early snow, PCR prevalence of O157 was affected by all other events, with winter heat and plant closure events increasing the proportion of fecal samples yielding isolates of O157. A higher proportion of fecal samples yielding bacterial isolates would likely indicate higher concentrations of the serogroup in feces, although concentrations of O157 in feces were usually too low for enumeration and were only detected by IMS. In comparison to O157, three serogroups-O103, O111 and O145-showed no changes in proportions of isolates collected in response to weather events or the abattoir closure. In feces of cattle, O103 exhibits a higher year-round prevalence as compared to O111 and O145 (Dewsbury et al. 2015; Stanford et al. 2016) . However, in the case of O111, PCR prevalence in feces was affected by weather events and the failure to isolate this serogroup may instead reflect inadequacies in existing IMS technologies (Hallewell et al. 2017) .
Serogroup O45 is prevalent in cattle feces throughout the year and showed variability in PCR prevalence in feces in response to weather events. However, as weather events did not trigger increases in proportions of fecal samples yielding isolates of O45, the response of this serogroup to weather events is unlikely to increase contamination of beef. Serogroups O26 and O121 had an increased proportion of isolates collected in response to winter heat and abattoir-closure events, respectively, although O157 responded with similar increases to both events. The histidine sensor kinase QseC is known to be present in O157, allowing this serogroup to sense adrenaline and noradrenaline secreted by the host (Nguyen and Sperandio 2013) . Noradrenaline has also been shown to increase the production of Shiga toxin by O157 (Lytte, Arulanandam and Frank 1996) . Similar studies evaluating response of non-O157 serogroups to catecholamines have yet to be performed, although based on the results of this study, non-O157 serogroups may have a more limited response than does O157.
Combinations of bacterial characteristics required for an HEP
O157 was the primary serogroup where shedding was triggered or modulated by weather events and the abattoir closure and no serogroups other than O157 have been characterized during HEPs (Arthur, Bono and Kalchayanand 2014; Wang et al. 2014 Wang et al. , 2016a . As a result, isolates of O157 were further evaluated for characteristics which may promote their survival and proliferation in beef abattoirs. Although Mercer et al. (2015) found that all strains of E. coli which possessed the locus of heat resistance also had a heat-resistant phenotype, only two isolates in this study with this locus exhibited phenotypic heat resistance. Perhaps expression of the locus of heat resistance varies among O157, although additional study would be required to confirm this hypothesis. As steam pasteurization of carcasses produces temperatures >90
• C (USDA-FSIS 1996), isolates which demonstrated the highest heat tolerance in media (0.9% of isolates in this study) would likely have the best likelihood of survival under the more stringent conditions of pasteurization. Additional studies are necessary to evaluate survival of STEC on carcasses or carcass surrogates after implementation of microbial interventions used at commercial beef processors.
Isolates of O157 collected during HEPs have been shown to have strong biofilm-forming potential (Wang et al. 2014 (Wang et al. , 2016a , similar to 31.8% of O157 isolates collected in this study. However, isolates with strong biofilm-forming potential were less likely (P < 0.05) than those lacking biofilm-forming potential to carry eae, stx2C, stx1A or belong to O157:H7/NM serotypes. Heat tolerance of isolates from HEPs has not yet been evaluated, although HEP isolates are resistant to quaternary ammonium chloride and sodium chlorite-based sanitizers (Wang et al. 2016a) . The exact combination of attributes which may enable STEC to survive and replicate within an abattoir, potentially leading to a HEP, has yet to be established. If both strong biofilm-forming ability and heat resistance were required, only one O157 isolate in this study possessed this phenotype. However, as this isolate lacked stx genes and eae, even if meat products were contaminated, an HEP would not occur due to minimal human disease risk from E. coli lacking these virulence genes (Callaway et al. 2013) . Arthur, Bono and Kalchayanand (2014) found that E. coli O157:H7 strains isolated during an HEP were either very similar or clonal, although strains from separate HEPs were genetically diverse. Consequently, it is unlikely that a single strain of STEC would survive long term in beef abattoirs and cause more than a single HEP. Instead, based on the known high genetic diversity of both O157 (Ferens and Hovde 2011) and non-O157 STEC (Tostes et al. 2017) entering abattoirs, only a very low proportion would have the potential to lead to an HEP if biofilms were to form on meat-processing equipment. As generic E. coli are virtually undetectable on carcasses after steam pasteurization (Yang et al. 2012) , even if hides were contaminated with STEC having heat resistance, high biofilm-forming ability and tolerance to sanitizers, the likelihood of an HEP appears to be extremely low. Sporadically, though HEPs do occur and factors triggering HEPs must be further evaluated, including the possibility that STEC may evolve to better survive existing multihurdle microbial interventions at beef abattoirs.
Based on the results of this study, severe weather events impacted the shedding of E. coli O157 to a greater extent than that of non-O157 serogroups. As events such as winter heat and the abattoir closure significantly increased shedding of O157, such events may potentially aid in triggering HEPs at abattoirs. However, of 219 isolates of O157 collected, none exhibited a combination of heat resistance, high biofilm potential and carriage of virulence genes. Future studies are necessary to confirm the combination(s) of phenotypes leading to an HEP and the proportion of STEC isolates with this phenotype.
